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Abstract 
In the photovoltaic industry, screen printing accounts for majority of the metallisation processes for silicon wafer 
solar cells. Contact formation by co-firing of front and rear screen printed metal pastes for mainstream p-type 
standard solar cells is a well-established process. It is of utmost importance to use front and rear metallisation pastes 
that are co-firing compatible. In this paper, we describe a methodology for front and rear paste selection and process 
optimisation. We explore the usage of HF dip (20 seconds) on finished cells to differentiate between over-fired and 
under-fired contacts. 
optimisation was conducted to achieve a one-Sun fill factor of 80.7 % and a series resistance at maximum power 
point (MPP) 2 
uniform back surface field at the optimised profile, was selected to study the effect of post-metallisation HF etching. 
By choosing the correct combination of metal pastes, at the optimised firing profile, efficiencies of 18.5% were 
realised for standard screen-printed 156 mm × 156 mm p-type pseudo-square monocrystalline solar cells. 
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1. Introduction 
Currently, screen printed contact metallisation is the most widely used contacting technique for 
mainstream p-type silicon wafer solar cells. In particular silver (Ag) paste is used for the front contact, 
aluminium (Al) paste for the rear contact and Ag paste for the rear bus bars. Due to rapid developments in 
the paste industry, new and advanced versions of front and rear metallisation pastes are constantly 
released into the market, which requires frequent re-optimisation of the metallisation process. It is of 
utmost importance to use front and rear metallisation pastes that are co-firing compatible. Ideally, the Ag 
paste for the front contact should feature fine line printing capabilities, low metal line resistance, low 
contact resistance to the silicon and good mechanical adhesion. The Al paste for the rear contact should 
result in a thick and uniform back surface field (BSF) [1].The front contact grid design needs to be 
carefully optimised based on the emitter sheet resistance and the characteristics of the front Ag paste. 
Closely spaced, wide fingers will reduce the series resistance losses but conversely increase the shading 
losses. Hence optimisation of the front contact grid requires a trade-off between the electrical and optical 
losses due to the front metal grids. Optimisation of the firing temperature profile is also required to 
minimise the specific contact resistivity between the Ag paste and the emitter. Note the firing profile also 
affects the uniformity and thickness of the rear Al-BSF. Hence optimisation of the firing profile requires a 
complex balance between front contact resistance and BSF quality, which impacts the fill factor (FF) and 
the open-circuit voltage (Voc) of the solar cell.  
2. Cell fabrication 
In this work, large-area 239 cm2 p-type pseudosquare monocrystalline wafers with 1-3 
resistivity were used. The wafers were alkaline textured in KOH/IPA solution, followed by tube diffusion 
(Tempress) using POCl3 as the P source to produce a 70  homogeneous phosphorus doped emitter. 
After PSG (phosphosilicate glass) removal in dilute HF, a silicon nitride film was deposited by plasma-
enhanced chemical vapour deposition (PECVD, SiNA-XS, Roth & Rau) on the front surface. The cells 
were then metallised by screen printing using Al paste on the rear and Ag paste on the front (PV1200, 
DEK). This was followed by a co-firing step (Ultraflex, Despatch) and all the cells were edge isolated 
using a laser (Solas, IDI Systems) after co-firing. 
2.1. Front metal grid optimisation 
Two commercially available front Ag pastes with fine line printing capabilities were used for the front 
contacts in this experiment. The simulation tool GridSim [2] was used for determining the optimal number 
of fingers required, taking into account electrical losses in the emitter, the bus bars, the fingers and the 
contact resistance as well as optical losses due to shading by the front metal grid. The Transfer Length 
Method (TLM) [3] with a circular pattern was used to determine the specific contact resistivity of the Ag 
-
-diffused emitter and silicon nitride coated) using the two Ag pastes and fired over a 
range of peak firing temperatures. The peak firing temperatures were recorded using a Datapaq data 
logger with a K-type thermocouple soldered onto a metal plate. Fig. 1 shows the specific contact 
resistivity value measur
temperature at which the lowest specific contact resistivity was achieved s a wider firing 
window and a lower specific contact resistivity value of 2.1 2 
has a higher contact resistivity of 4.0 2. 
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The metal line sheet resistance of the front Ag pastes were determined by printing test lines of varying
widths ranging from 70 μm to 270 μm. To minimise measurement error due to the conductance of the
underlying silicon, the test lines were printed on a non-diffused wafer with high bulk resistivity to ensure 
that no contact is formed between the screen printed metal and the silicon wafer. The conductance was
plotted against the line width to determine the line sheet resistivity of the Ag paste and was found to be
1.6 ults of the GridSim simulations, a 
70 μm finger width grid design with 79 fingers and 3 bus bars was chosen for the 70 + emitter cells.
2.2. Rear Al paste selection
wafers and fired at the optimal firing temperature profile determined from Fig. 1. The samples were
3:CH3COOH) to reveal the BSF formed after 
firing by cross-sectional SEM (see Fig. 3 and Fig. 4
Fig. 1. Specific contact resistivity of Paste 'A' and Paste 'B' to a 70
/ tube diffused phosphorus emitter as a function of the peak firing
temperatures. Paste A requires an optimum firing temperature of 
795oC and Paste B requires 875oC.The lines serve as guide for the
eye.
Fig. 2. Plot of conductance as a function of the printed
metal line width
Fig. 3. Paste 'C' with thick and uniform BSF of 6-7 μm
thickness.
Fig. 4. Paste 'D' with thick and uniform BSF of 4-5 μm
thickness.
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2.3. Co-firing process optimisation 
a full-  and were fired at optimised profile. A FF of 80.7% was 
2. By choosing the metal pastes that are co-firing compatible 
and optimising the process, efficiencies of 18.5% were achieved for standard screen-printed 156 mm × 
156 mm p-type pseudo square monocrystalline solar cells. 
 
 
Fig. 5. One-Sun I-V curve of the best solar cell obtained in this study. 
2.4. Impact of the HF dip on screen printed front contacts 
Screen printed front contact formation and current transport mechanisms are not yet fully understood. 
The major reason is the non-uniformity of the structure and composition of the metal-silicon interface in 
the case of screen printed fingers [4]. The screen printed contact comprises a complex interfacial region 
consisting of a resistive glassy layer, silver crystallites, colloids and pinholes. High series resistance is 
often a problem with screen printed contacts on solar cells. Mainly due to melted glass frits that flows 
preferentially towards Ag-Si interface during firing. This creates an interfacial glass layer between the Ag 
contact and the silicon which increases the series resistance of the solar cell. From the different 
parameters, the melting characteristics of the glass frits, presented in the Ag paste, have a significant 
influence on the contact resistivity and therefore on the FF of finished cells [5]. In this paper we explored 
the possibility of using a quick HF dip (20 seconds) on finished cells to differentiate between over fired 
and under fired contacts. 
 
The cells were metallised using Ag p
determined from the TLM experiments. At temperatures below and above the optimum conditions, the 
cells were series resistance limited. Hilali et al. [4] reported an increase in interfacial glass layer thickness 
with increasing peak firing temperatures. This interfacial glass layer is highly resistive (in the order of 109 
ohm-cm), and with its thickening, the series resistance of the over-fired solar cell increases. In the case of 
under fired cells, the high series resistance is attributed to insufficient crystallite formation [6] (even 
though the interfacial glass layer is thin) due to lower peak firing temperatures. After a quick dip in HF it 
was found that over and under fired cells showed an improvement in FF, whereas cells fired at the 
optimum peak temperature were unaffected. Moreover, the improvement in the FF for the over-fired cells 
0 100 200 300 400 500 600 700
2
4
6
8
cu
rr
en
t (
A
)
voltage (mV)
Voc : 629 mV
Jsc  : 36.4 mA/cm2
FF   : 80.7%
Eff   : 18.5%
68   Vinodh Shanmugam et al. /  Energy Procedia  33 ( 2013 )  64 – 69 
was significantly larger when compared to the under-fired cells. The delineated effect of the HF etch 
provides the possibility to differentiate between under-, optimum and over-firing. The reduction in the 
series resistance for the over-fired cells after HF dip is attributed to the thinning down of the glass layer at 
the edges of the grid lines [7, 8]. This does not have much impact on the under-fired cells, as there are not 
sufficient Ag crystallites formed to promote conduction after HF treatment.  
 
 
Fig. 6. Impact of HF dip on over-fired and under-fired cells. 
3. Conclusion 
In this work we have presented a comprehensive methodology, involving TLM measurements, line 
resistance measurements and BSF thickness determination for the selection of co-firing metal pastes. A 
technique of using HF dip to differentiate between the under fired and over fired cells and determine the 
optimum firing condition was explored as well. HF dip on over fired cells can increase the FF from 64% 
to 78% mainly due to the reduction in 2 2.  This is 
attributed to the thinning of the glass layer at the edges of the grid lines. For cells fired at the optimised 
condition the series resistance is low and this is due to the large number of Ag crystallites and a very thin 
glass layer. For under fired cells the HF treatment does not result in an as significant improvement in FF 
since the cells are series resistance limited due to the lack of Ag crystallites.  
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